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Abstract: A modified logistic function was used for modeling specific-gravity profiles obtained from X-ray densitometry
analysis in 675 loblolly pine (Pinus taeda L.) trees in four regeneration trials. Trees were 21 or 22 years old at the time of
the study. The function was used for demarcating corewood, transitional, and outerwood zones. Site and silvicultural ef-
fects were incorporated into the model. Heteroscedasticity and within-group correlation were accounted for by specifying
the variance and serial-correlation structure, respectively. The estimated transition zone was located between rings 5 and
15, and the outerwood demarcation point varied from rings 12 to 15. No effects of treatments on the demarcation points
were observed; however, site preparation and fertilization affected the lower asymptotes of the curves in all sites. A geo-
graphical trend for the demarcation point was observed, with the northern site requiring more time to reach a plateau in
specific gravity compared with the southern sites. The diameter of the juvenile core was increased as a result of the treat-
ments. However, the amount of corewood was not statistically affected, ranging from 55% in the north to 75% in the
south, except at one site where fertilization decreased the percentage of corewood.

Résumé : Une fonction logistique modifiée a été utilisée pour modéliser les profils de densité obtenus par densitométrie
chez 675 pins à encens provenant de quatre essais de régénération. Les arbres avaient 21 ou 22 ans au moment de l’étude.
La fonction a été utilisée pour différencier les zones de bois juvénile, de bois de transition et de bois adulte. Les effets de
la station et de la sylviculture ont été incorporés dans le modèle. En spécifiant la structure de la variance et de l’autocorré-
lation, on a respectivement tenu compte de l’hétéroscédasticité et de la corrélation dans les groupes. On a estimé que la
zone de transition était située entre les cernes 5 et 15 et que le point de démarcation du bois adulte variait entre les cernes
12 à 15. Les traitements n’ont eu aucun effet sur les points de démarcation. Cependant, la préparation de terrain et la fer-
tilisation on affecté l’asymptote inférieure des courbes dans toutes les stations. Une tendance géographique a été observée
au sujet du point de démarcation : la densité prenait plus de temps pour atteindre un plateau dans la station située au nord
que dans les stations plus au sud. Les traitements ont augmenté le diamètre du cœur juvénile. Cependant, la quantité de
bois juvénile n’a pas été statistiquement affectée, variant de 55 % au nord à 75 % au sud, à l’exception d’une station où la
fertilisation a entraı̂né une diminution du pourcentage de bois juvénile.

[Traduit par la Rédaction]

Introduction

The forest industry faces many challenges. Because of
economic pressure for a continuing wood supply, the current
plantations of loblolly pine (Pinus taeda L.) are largely
under intensive management regimes. As forest management
becomes more intensive (e.g., site preparation, fertilization,
and weed control), trees will attain merchantable size at
younger ages possibly resulting in material having different
wood characteristics and properties compared with older
ages. Future plantations that reach merchantability at

younger ages will most likely contain a higher proportion of
‘‘juvenile wood’’ (Plomion et al. 2001).

Juvenile or inner corewood has been defined as the zone
of wood extending outward from the pith where wood
characteristics undergo rapid and progressive changes in
successive older growth rings from the pith (Larson et al.
2001). According to Clark and Saucier (1989), a radial
cross-section of a pine stem typically contains three zones:
a core or zone of crown-formed wood, a zone of transition
wood, and a zone of mature wood. Both crown-formed
wood and transition wood have been commonly referred
to as juvenile wood. On that basis, the extent of the juve-
nile wood region depends on ring number from the pith
and proximity to the crown (Larson 1969; Zobel and
Sprague 1998). This definition represents the pattern of
within-tree variation in successive rings from the pith at a
given height (type 2 sequence described by Duff and No-
lan 1953); however, it does not consider the botanical phe-
nomenon of maturation or physiological aging in trees,
which can be interpreted as an important cause of variation
of wood properties in the vertical axis (Burdon et al.
2004a, 2004b). For this reason, we adopted the concept of
transition between corewood and outerwood proposed by
Harris and Cown (1991) and Burdon et al. (2004a) in this
study instead of the traditional concept of transition from
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juvenile to mature wood. An extensive review of this new
conceptual framework can be found in Burdon et al.
(2004a).

Because of the gradual change in properties with age, the
point at which a tree begins producing outerwood is not well
defined and varies according to the property being studied
(Cown 1992). Properties such as fibre length (Lee and
Wang 1996), modulus of rupture, modulus of elasticity,
compression strength, and microfibril angle (Bendtsen and
Senft 1986; Roos et al. 1990) have been considered to char-
acterize the transition. However, although the demarcation
point for each of these characteristics is of scientific interest,
we are more concerned with those properties that can be re-
peatedly and cheaply measured (Sauter et al. 1999). This is
the reason why most research into corewood–outerwood
transition has been based on wood specific-gravity profiles.

From a practical perspective, the characterization of the
transition is needed to understand the effects of silvicultural
treatments on wood quality. This allows the comparison be-
tween corewood and outerwood properties, the evaluation of
management regimes, and the appropriate classification and
segregation of the material that will be processed by the in-
dustry. For example, Clark et al. (2004) reported that annual
weed control plus annual nitrogen fertilization increased the
diameter of the corewood 62% in 12-year-old loblolly pine
plantations established in the Coastal Plain and Piedmont of
Georgia.

Several methods have been used to demarcate core- and
outer-wood. The simplest way to identify the region where
outerwood starts is to visually locate a point on the specific-
gravity curves where the change in the property become
less than in the inner corewood as the ring number in-
creases (Bendtsen and Senft 1986; Clark and Saucier
1989) or simply to assign a ring number from the pith at
all stem levels, normally 5–15 rings in pines (Hodge and
Purnell 1993; Cown and Ball 2001). An alternative ap-
proach is to use segmented regression models (Abdel-Gadir
and Krahmer 1993; Tassisa and Burkhart 1998) to mathe-
matically determine the demarcation point. The main ques-
tion is how to estimate this boundary with sufficient
reliability (Mutz et al. 2004).

Most of the data used in previous studies consisted of X-
ray densitometry pith-to-bark profiles that were collected on
trees in observations repeated in time and (or) space. Be-
cause data collected from an individual tree tend to be more
alike than different, they tend to be correlated, and any two
measurements that are closer in time or position are likely to
be more closely correlated than two measurements that are
more distant. According to Sauter et al. (1999), possible in-
terdependencies in data from adjacent rings could lead to
poor estimates of the boundary point, and the use of meth-

ods that take into account these interdependencies can lead
to estimates with smaller variability. Data of this structure
accommodate analysis using mixed-effects modeling techni-
ques, which allow for the inclusion of multiple sources of
variation and account for covariate effects with fixed-effects
parameters; hence, this method can address corewood in the
course of modeling wood properties (Mutz et al. 2004).

According to Burdon et al. (2004a), mathematical models
that best represent the type 2 sequence of growth are needed
to describe the transition from corewood to outerwood. Be-
cause loblolly pine shows a pith-to-bark variation dominated
by an asymptotic approach to final outerwood values,
enough parameters must be included in the model to de-
scribe this pattern: the value of the first ring; value of the
asymptote; shape of the curve; rate of approach toward the
asymptote; and how these parameters are affected by site,
genotype, and silviculture.

Established in the late 1970s, the Forest Nutrition Cooper-
ative’s regionwide seven installations are the oldest repli-
cated study in the southeastern United States with
regionally distributed installations designed to quantify the
magnitude and duration of growth and nutritional responses
to site preparation, early fertilization, and weed control.
These studies provided an excellent opportunity to examine
the effects of site and silvicultural treatments on the transi-
tion between corewood and outerwood.

The global objective of this study was to fit descriptive
curves to pith-to-bark specific gravity profiles of the trees,
identifying the data features to be accommodated, the appro-
priate form of the curves, and the parameters needed for an
efficient description. The specific objectives were (i) to esti-
mate the demarcation point between corewood and outer-
wood from X-ray densitometry profiles using a nonlinear
mixed-effects model approach accounting for heteroscedas-
ticity, serial correlation of the data, and random variation
between samples and (ii) to evaluate the effects of early in-
tensive silvicultural treatments on specific-gravity profiles
and proportions of corewood and transitional wood produced
at breast height (1.3 m).

Materials and methods

Sample origin
Wood samples were obtained from four regeneration trials

established by members of the Forest Nutrition Cooperative
between 1978 and 1981 in southeastern United States. The
sites were located from eastern Virginia to South Carolina
(Table 1).

Each field trial received a factorial combination of two
levels each of mechanical site preparation (SP), fertilization
(F), and herbaceous weed control (H), for a total of eight

Table 1. Description of the study sites.

Site Location Latitude Longitude Regiona
Annual
precipitation (mm) Planted

Subsoil
texture Drainage

1 Virginia 37862’N 76878’W UACP 1055 1979 Loam Good
2 North Carolina 35800’N 78835’W LACP 1267 1979 Sandy loam Poor
3 North Carolina 34887’N 77825’W LACP 1447 1980 Clay loam Poor
4 South Carolina 33859’N 79848’W LACP 1281 1979 Clay Poor

aUAPC, Upper Atlantic Coastal Plain; LACP, Lower Atlantic Coastal Plain.
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treatments per installation. These treatments were applied
at establishment in a split-plot design with the two site-
preparation treatments comprising the main plots and the
2 � 2 fertilization by weed control factorial being sub-
plots. All trials were initially established with four com-
plete block replicates based on uniformity of soil and site
conditions; however, on site 3, one block was dropped be-
cause of a fire. Treatment plots were 29 m � 29 m, with
12 rows of 12 seedlings planted at a 2.4 m � 2.4 m spac-
ing (Allen and Lein 1998).

The treatments used in this study were (i) control (C);
(ii) intensive site preparation (SP); (iii) intensive site prepa-
ration and weed control (SP+H); (iv) intensive site prepara-
tion and fertilization (SP+F); and (v) intensive site
preparation, fertilization, and weed control (SP+F+H). The
four treatments were progressively more intensive.

Fertilizer treatments included a control (no fertilizer) and
diammonium phosphate applied immediately following
planting at a rate of 280 kg�ha–1 in a 1.2 m wide band cen-
tered over the planting row. Weed-control treatments in-
cluded a control (no herbicides) and a banded (1.2 m)
application of hexazinone (VelparTM) applied once during
each of the first two growing seasons following planting
(rates varied by installation). Site-preparation methods var-
ied by site and interest of the landowner. See Nilsson and
Allen (2003) for a complete description of the treatments.

Nine trees from each plot were sampled so as to reflect
the diameter distribution of that plot. The number of trees
per plot was determined prior to sampling using a power
analysis approach for controlling type I (� set to 0.05) and
type II (1 – � set to 0.80) errors in the statistical hypothesis
testing (Cohen 1988).

Wood cores were collected at each site using a 12 mm
increment hydraulic borer during the period March–June
2002. Increment cores were taken from each tree at 1.3 m
(breast height) above the ground. Trees that were sup-
pressed, atypical in form, or infected by fusiform rust were
excluded from sampling. Minor adjustments in sampling
height were made to avoid branches and knots. A total of
675 trees were sampled across sites.

According to the classification proposed by Burdon et al.
(2004a), increment cores taken at breast height would contain
‘‘juvenile corewood’’ and ‘‘juvenile transition wood’’ that
would intergrade out from into ‘‘juvenile outerwood.’’ How-
ever, this ‘‘juvenile status’’ is unlikely to be of appreciable
importance for estimating the demarcation point between
corewood and outerwood based on ring specific gravity.

Sample preparation and X-ray densitometry analysis
Each core was divided at the pith, and one radial half of

each core was prepared for specific gravity data collection.
The radial cores were dried at 50 8C for 24 h, glued into
yellow poplar (Liriodendron tupilifera L.) strips and sec-
tioned along core axes to produce strips of approximately
2 mm thick from the centre of each core exposing transverse
faces along the length of the sample. The samples were con-
ditioned to a uniform moisture content of 8% for at least
48 h before they were scanned.

Specific-gravity profiles were obtained from each sample
using an X-ray densitometer with a linear resolution of
0.06 mm and a reference standard (calibrated step wedge)

was X-rayed along with every sample. The cores were not
resin-extracted. The transition from earlywood to latewood
was set at a specific-gravity threshold of 0.480 based on
green volume and oven-dry mass (Clark et al. 2004). Early-
wood and latewood values were weighted according to their
sectional areas to obtain whole-ring specific gravity values.
The whole-ring specific gravity was then averaged across
trees to obtain plot values.

Model formulation and assumptions
Specific gravity shows a consistent general pattern with

ring number in loblolly pine. This pattern is characterized
by a rapid progression that trails off into a quasi-asymptotic
approach to a final set of values with practically no changes
beyond rings 16–20 from the pith (Burdon et al. 2004a). The
specific gravity profiles obtained for each site are shown in
Fig. 1.

The original hierarchical structure of the regeneration tri-
als was conserved by grouping the specific gravity data by
site, block, and plot. In this three-level grouping structure,
level 1 represented the site level, level 2 represented the
block level nested within sites, and level 3 corresponded to
the plot level nested within blocks and sites. By convention,
level 0 represented the population level.

A variety of functions were fitted to the grouped data.
After comparing the different models, the four-parameter lo-
gistic function was selected as the basic model to represent
the specific gravity profiles. The model had the form:

½1� f ð�;RNÞ ¼ �0 þ
�1 � �0

1þ e
ð�2�RNÞ

�3

� �
where RN was the ring number from the pith, �0 repre-
sented the asymptote as RN ? –?, �1 was the horizontal
asymptote as RN ? ?, �2 corresponded to the inflection
point, and �3 to the scale parameter (Pinheiro and Bates
2000).

By assuming that yijkl represented the weighted ring spe-
cific gravity of the kth plot in the jth block of the ith site at
the lth measurement time, the general nonlinear mixed
model for specific gravity took the form:

½2� yijkl ¼ �0ijk þ
�1ijk � �0ijk

1þ e

ð�2ijk�RNÞ
�3ijk

� � þ "ijkl

Because there was an interest in how the sites affected
specific gravity and not just the specific sites studied, the
data were treated as though the four sites were randomly
sampled from a large population of sites. The blocks and
plots were also considered as randomly sampled from a
large population of blocks and plots on each site, thus site-
level, block-level, and plot-level effects were random and
were expressed as bi, bij, and bijk, respectively, where i = 1,
2, . . ., n represented the site; j = 1, 2, . . ., nj represented the
block; k = 1, 2, . . ., nk represented the plot; and l = 1, 2, . . .,
njkl represented the measurement time (ring number). Ran-
dom site-, block-, and plot-level effects were used to
account for site-to-site, block-to-block, and plot-to-plot het-
erogeneity and implicitly accounted for the within-plot cor-
relation.

Mora et al. 1001

# 2007 NRC Canada



The mixed-effects parameters �����ijk were expressed as

½3� �����ijk ¼ Aijk����� þ Bijk;1bi þ Bijk;2bij þ Bijk;3bijk

where bi, bij, and bijk were the first-, second- and third-level
random-effects vectors; Bijk,1, Bijk,2, and Bijk,3 were the asso-
ciated random effects design matrices; and Aijk and ����� were
the fixed-effects design matrix and parameter vector, respec-
tively.

The random effects and within-plot error were assumed to
be normally distributed as bi � Nð0;�1Þ, bij � Nð0;�2Þ,
bijk � Nð0;�3Þ, and "ijkl � Nð0; �����2�ijkÞ. No constraints
were put on �1, �2, and �3 other than assuming that they
were variance–covariance matrices.

Which effects should be considered as mixed and which
should be considered as fixed in modeling are generally
data dependent (Fang and Bailey 2001). The strategy fol-
lowed to fit the model (eq. 2) began with the inclusion of
random effects for all parameters without considering any
covariates, and then examining the fit to decide which of
the random effects can be eliminated (Pinheiro and Bates
2000; Fang and Bailey 2001). A diagonal structure of the
variance–covariance matrices of the random effects (�����1,
�����2, and �����3) and an independent matrix of the within-plot
errors (�����ijk ¼ Iijk) was assumed initially, to prevent con-
vergence problems with an overparameterized model.

Once the initial fit for the model in eq. 2 was obtained,
several reduced models (by dropping one or more random-
effect terms) with different structures for the variance–
covariance matrices of the estimated random effects were
fitted and compared using the log-likelihood ratio test
(LRT), the Akaike’s information criterion (AIC), and the
Schwarz’s Bayesian information criterion (BIC), and the

model best supported by the data was selected (Davidian
and Giltinan 1995).

The next step in the modeling was to trace the random-
effects parameters by selecting potentially useful covariates
that could explain the random-effects variation. One of the
objectives of the original study was to test the effects of sil-
vicultural treatments (considered as fixed effects) on the
specific-gravity profiles. The treatments described previ-
ously were recoded using dummy variables with I(SP) = 1
if intensive site preparation was included, 0 otherwise;
I(F) = 1 if fertilization was included, 0 otherwise; and
I(H) = 1 if weed control was included, 0 otherwise. By us-
ing this coding, control plots were represented as 0–0–0, and
intensive site preparation plus fertilization and weed control
plots were represented as 1–1–1. The same approach was
applied to account for site effects.

After initial efforts, effects of site 1, site 2, intensive site
preparation (SP), and fertilization (F) were taken as fixed to
�0ijk; effects of site 1 and site 2 fixed to �1ijk; effects of site
2 fixed to �2ijk; and effects of site 1, site 2, and site 3 fixed
to �3ijk. At this point of the model-building strategy, it was
clear that the effects of the intensive treatments were minor
compared with site effects and were related to variations in
the lower asymptote (�0ijk) of the specific-gravity profiles.

Once the covariates and the structure of the matrices of
the random effects of the model were defined, the within-
plot variance–covariance structure was specified (�����ijk). To
specify the within-plot variance–covariance structure, both
heteroscedasticity and serial correlation structure must be
identified. Biological data usually exhibit autocorrelation
and heteroscedasticity (Gregoire et al. 1995). The variances
of errors around growth models are often found to be de-

Fig. 1. Specific gravity profiles versus ring number from the pith grouped by site.
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pendent on the means; large means usually having larger
variance (Fang and Bailey 2001).

Variance functions frequently used in growth modeling
are the power model, the exponential model, and the
constant power model. These were used to account for
heteroscedasticity, represented as Varð"ijklÞ ¼ �2j�ijklj2�,
Varð"ijklÞ ¼ �2e2��ijkl , and Varð"ijklÞ ¼ �2ð�1 þ j�ijklj�2Þ2, re-
spectively. This is a standard way to account for variance
that depends systematically on the level of response or
some other factor (Davidian and Giltinan 1995). The
within-subject autocorrelation was analyzed using several
autoregressive models (AR(p)), moving-average models
(MA(q)), and mixed autoregressive-moving-average models
(ARMA(p,q)). Fits were compared using LRT, AIC, and
BIC (Brocklebank and Dickey 1986).

After the addition of covariates into the model and within-
plot variance–covariance matrix specification, the assumption
of a diagonal structure for the variance–covariance matrices
of the estimated random effects was relaxed and several op-
tions were compared using LRT, AIC, and BIC criteria.

Demarcation point between corewood and outerwood
The transition from corewood to outerwood in loblolly

pine is gradual, and therefore, the extent of juvenile wood
and the location of the demarcation point can only be de-
fined by arbitrary criteria (Larson et al. 2001).

Outward from the pith, specific gravity undergoes rapid
and progressive changes with increasing ring number. Based
on this idea, corewood was defined as the area comprised
between ring number 1 and the ring number where the max-
imum rate of change in specific gravity was observed (tmax).
The demarcation between transitional wood and outerwood
(tmin) was arbitrarily defined as the ring at which the rate of
change in specific gravity was less than 0.01 units, which
for practical purposes represented little change in specific
gravity in successive rings, meaning that an stable value of
specific gravity was achieved. The area between these two
points (tmax and tmin) was deemed to represent the transition
zone between corewood and outerwood. The amount of
corewood was calculated as the ratio between the corewood
basal area and total basal area of the trees, using the esti-
mated demarcation point (tmin) as the demarcation point be-
tween core- and outer-wood at breast height.

After the final model for describing the specific-gravity
profiles was fitted, the first derivative with respect to ring
number was calculated as

½4� df ðRNÞ
dRN

¼ �1 � �0

�3 � 1þ e
ð�2�RNÞ

�3

� � !2
� e

ð�2�RNÞ
�3

� �

Both quantities, the demarcation point and the amount of

corewood, were analyzed using a linear model representing
the original factorial design of the study of 2 � 2 + 1 con-
trol of the form:

½5� yijk ¼ �þ �i þ SPþ FjðSPÞ þ HkðSPÞ
þ FHjkðSPÞ þ "ijk

where yijk was the proportion of corewood (after Box–Cox
transformation; Johnson and Wichern 2002) or the diameter
of the juvenile core associated to the levels ith, jth, and kth
of the factors, � was a fixed general mean, �i was the ran-
dom effect of the ith block, SP was the fixed effect asso-
ciated to the control plot, Fj was the fixed effect of the jth
level of the fertilizer treatment within the intensive site pre-
paration plot, Hk was the fixed effect of the kth level of the
herbicide treatment within the intensive site preparation
plot, FHjk was the fixed effect associated to the interaction
between the jth level of the fertilizer treatment and the kth
level of the herbicide treatment within the intensive site pre-
paration plot, and "ijk was the random error.

The linear models were fitted using restricted maximum
likelihood and the nonlinear models using maximum likeli-
hood, both with SAS option for contrasts in the nlme library
version 3.1-65 (Pinheiro et al. 2005) implemented in R ver-
sion 2.2.0 (R Development Core Team 2005).

Results

Specification of random effects
Several models with different combinations of random

and fixed-effects parameters were fitted. Not all models con-
verged. Because reduced models were nested within the full
model and they shared the same fixed-effects structure,
comparison among the different model formulations was
based on LRT statistic. AIC and BIC information criteria
were also used to check if the reduction in parameters caused
any significant changes in model performance (Table 2).

According to the fit statistics presented on Table 2, model 1
with all parameters considered as mixed (full model) was
judged superior and was chosen as the starting model for the
description of the specific-gravity profiles. Other combina-
tions of fixed and random effects parameters showed higher
AIC and BIC and smaller log-likelihood, indicating that reduc-
tions in model specification, at this step, was not appropriate.

Specification of interplot variation
We were interested in determining which covariates were

useful in explaining random effects variation. Potential co-
variates were the intensive silvicultural treatments and the
different sites described in the methodology. Each treatment
and site were identified as a combination of dummy varia-
bles allowing some dimension reduction in the matrices.
After several fittings, the final covariate structure of eq. 3
was implemented in model 2 as follows:

½6� Aijk ¼

1 Iðsite1Þ Iðsite2Þ IðSPÞ IðFÞ 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 Iðsite1Þ Iðsite2Þ 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 Iðsite2Þ 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 Iðsite1Þ Iðsite2Þ Iðsite3Þ

2664
3775
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where I(site1), I(site2), and I(site3) were dummy variables
used to indicate if observations were from sites 1, 2, or 3,
respectively, and I(SP) and I(F) were dummy variables uti-
lized to indicate the presence or absence of intensive site
preparation and fertilization.

Variance function
The homogenous variance assumption of the within-plot

residuals in model 2 was checked by plotting the standar-
dized residuals versus fitted values (not shown), indicating
that variance increased as the fitted specific gravity values
increased. In other words, the inclusion of random-effect
terms in the model did not completely rectify the heterosce-
dasticity observed in the data. Within-plot residuals were de-
fined as the difference between the observed specific gravity
and fitted specific-gravity values, conditional on best linear
unbiased prediction estimates of the random effects.

According to the information presented in Table 3, all the
variance functions utilized resulted in an improvement of the
performance of the initial model (model 2), indicating the
necessity to account for heteroscedasticity. Considering the
AIC and BIC criteria, model 2.1 (power function using ring
number as covariate) was the model best supported by the
data.

Serial correlation structure
There are a number of alternative parametric models that

are commonly used for covariance matrices. One option is
to consider explicitly the different sources of variation of
the data, i.e., the variation among experimental units (e.g.,
biological variation) and the variation within experimental
units (e.g., due to the way in which the data were collected
on the unit). The strategy adopted in this work was to model

the two sources of variation together (among and within
units), emphasizing the fact that the data were generated
over time (Table 4).

The empirical correlation structure for model 2.1 residuals
in Table 3 was

b� ¼ ½b�ð1Þ;b�ð2Þ;b�ð3Þ;b�ð4Þ;b�ð5Þ;b�ð6Þ�T
¼ ½0:137;�0:148;�0:111;�0:009;�0:049;�0:201�T

where b�ðlÞ is the empirical autocorrelation calculated at lag l.
A plot of estimated autocorrelation against lags with crit-

ical values (� = 0.05) showed that autocorrelations were sig-
nificant even at six ring-number lags (not shown). For the
data examined in this study, the following autoregressive-
moving average ARMA(3,2) was the best of the candidate
correlation structures based on the statistics presented in Ta-
ble 4:

½7� "t ¼
X3
i¼1

�i"t�i þ
X2
j¼1

	jat�j þ at

where et is the current within-subject error term, �i are the
autoregressive parameters (i = 1, 2, 3), yj are the moving-
average parameters (j = 1,2), and at is a homoscedastic
noise term centered at 0 (E[at] = 0).

The estimated normalized autocorrelation structure for
model 3.8 residuals was

b� ¼ ½b�ð1Þ;b�ð2Þ;b�ð3Þ;b�ð4Þ;b�ð5Þ;b�ð6Þ�T
¼ ½�0:052;�0:052;�0:063;�0:012;�0:013;�0:101�T

and the estimated parameters for the ARMA(3,2) model
were �1 = 1.172, �2 = –0.954, �3 = 0.337, y1 = –0.838, and
y2 = 0.644.

Table 2. Comparison of nonlinear mixed-effects model performance with different random-effects components.

Model Random effects Fixed only
No. of
parameters AIC BIC Log-likelihood LRT P

1 �0,�1,�2,�3 None 17 –7809.5 –7718.4 3921.8
1.1 �0,�1,�2 �3 14 –7760.2 –7685.2 3894.1 55.3 <0.0001
1.2 �0,�2,�3 �1 14 –7666.3 –7591.2 3847.1 149.3 <0.0001
1.3 �0,�1 �2,�3 11 –7663.5 –7604.5 3842.8 158.0 <0.0001
1.4 �1,�2 �0,�3 11 –7722.7 –7663.7 3872.3 98.9 <0.0001
1.5 �1,�3 �0,�2 11 –7727.4 –7668.5 3874.7 94.1 <0.0001
1.6 �2,�3 �0,�1 11 –7673.5 –7614.6 3847.8 148.0 <0.0001

Note: AIC, Akaike’s information criterion; BIC, Schwarz’s Bayesian information criterion; LRT, likelihood ratio test calculated with
respect to model 1 (full model).

Table 3. Comparison of nonlinear mixed-effects model performance with the addition of covariates (model 2) and different variance–
covariance structures.

Model Variance function
No. of
parameters AIC BIC Log-likelihood Test LRT P

2 Homogeneous 24 –7864.5 –7735.8 3956.2
2.0 Power 25 –8099.5 –7965.5 4074.8 2 vs. 2.0 237.0 <0.0001
2.1 Power (~ring) 25 –8153.5 –8019.4 4101.7
2.2 Exponential 25 –8090.8 –7956.7 4070.4
2.3 Exponential (~ring) 25 –8109.6 –7975.5 4079.8
2.4 Constant power 26 –8097.5 –7958.1 4074.8 2.3 vs. 2.4 10.1 0.0015
2.5 Constand power (~ring) 26 –8151.5 –8012.1 4101.7

Note: AIC, Akaike’s information criterion; BIC, Schwarz’s Bayesian information criterion; LRT, likelihood ratio test.
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Final model structure and parameter estimation
After the specification of which parameters should be

considered as mixed or purely fixed, the covariate structure,
and the variance and correlation functions, the assumption
of a diagonal distribution of the estimated random-effects
matrices was relaxed, and model 3.8 was refitted. In the fi-
nal model (model 4), �1 (the variance component of the
random effects at the site level), was represented as an un-
structured matrix between bð2Þi and bð3Þi ; �2 (the block
level) was reduced to bð3Þij term; and �3 (the plot-replicate
level) was represented as an unstructured matrix between
bð1Þijk , bð2Þijk , and bð3Þijk . Thus, the final model to describe the
specific gravity profiles was expressed as

½8� yijk ¼ f ðRN; �ijkÞ þ "ijk

yijkl ¼ �0ijk þ
�1ijk � �0ijk

1þ e

ð�2ijk � RNÞ
�3ijk

0@ 1A þ "ijkl

�0ijk ¼
�
�00 þ �01 � Iðsite1Þ þ �02 � Iðsite2Þ

þ�03 � IðSPÞ þ �04 � IðFÞ
�

�1ijk ¼
�
�10 þ �11 � Iðsite1Þ þ �12 � Iðsite2Þ þ bð1Þijk

�

�2ijk ¼
�
�20 þ �21 � Iðsite2Þ þ bð2Þi þ bð2Þijk

�

�3ijk ¼
�
�30 þ �31 � Iðsite1Þ þ �32 � Iðsite2Þ

þ�33 � Iðsite3Þ þ bð3Þi þ bð3Þij þ bð3Þijk

�

"ijkl � ð0; �2�ijkÞ

�2�ijk ¼ �2G1=2
ijk ð�ijk; �Þ�ijkð�; 	ÞG1=2

ijk ð�ijk; �Þ

Gijkð�ijk; �Þ ¼ jRNj�

�ijkð�; 	Þ ¼ ARMAð3; 2Þ

bi ¼
�
bð2Þi ; bð3Þi

�T

bij ¼ bð3Þij

bijk ¼
�
bð1Þijk ; b

ð2Þ
ijk ; b

ð3Þ
ijk

�T
where Gijkð�ijk; �Þ is the variance function, � is the para-
meter associated to the variance function (which has a value
of 0.498), and �ijkð�; yÞ is the serial correlation function.
The remaining elements of the model have been described
previously.

Parameter estimates and corresponding standard errors
and P values for the fixed effects of model 4 (eq. 8) are
given in Table 5. A graphical representation of the popula-
tion response (level 0) was obtained by setting the random
effects estimates of bð1Þijk , bð2Þi , bð2Þijk , bð3Þi , bð3Þij and bð3Þijk to zero,
and plugging in the corresponding fixed-effects values into
eq. 8 (Fig. 2).

Intensive silvicultural treatments shared identical esti-
mates of the parameters �1 (upper asymptote), �2 (inflection
point), and �3 (scale parameter) within each site; however,
differences associated with site preparation and fertilization
were observed on the lower asymptote (�0), which had
smaller values than control plots in all sites.

The upper asymptote ranged from 0.563 to 0.583 with the
smallest values observed on sites 3 and 4. The lower asymp-

Table 4. Comparison of nonlinear mixed-effects model performance with different within-plot correlation structures.

Model Correlation structure No. of parameters AIC BIC Log-likelihood Test LRT P

2.1 Independent 25 –8153.5 –8019.4 4101.7
3.0 AR(1) 26 –8249.7 –8110.3 4150.9 2.1 vs. 3.0 98.2 <0.0001
3.1 AR(2) 27 –8250.3 –8105.5 4152.1 3.0 vs. 3.1 2.6 0.1076
3.2 MA(1) 26 –8251.9 –8112.4 4151.9 3.1 vs. 3.2 0.4 0.5124
3.3 MA(2) 27 –8251.1 –8106.3 4152.5 3.2 vs. 3.3 1.2 0.2743
3.4 ARMA(1,1) 27 –8251.1 –8106.3 4152.5
3.5 ARMA(1,2) 28 –8254.9 –8104.8 4155.5 3.4 vs. 3.5 5.9 0.0151
3.6 ARMA(2,1) 28 –8249.1 –8098.9 4152.6
3.7 ARMA(2,2) 29 –8253.6 –8098.1 4155.8 3.6 vs. 3.7 6.4 0.0112
3.8 ARMA(3,2) 30 –8271.3 –8110.4 4165.6 3.7 vs. 3.8 19.7 <0.0001

Note: AR(p), autoregressive correlation structure of order p; ARMA (p,q), autoregressive-moving average correlation structure of order p,q; MA (q),
moving average correlation structure of order q; AIC, Akaike’s information criterion; BIC, Schwarz’s Bayesian information criterion; LRT, likelihood
ratio test.
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tote ranged from 0.233 to 0.296 with the smallest value ob-
served on site 1 and higher values on sites 3 and 4. The in-
flection point was almost the same for all sites (5.5 years)
except for site 2, in which the inflection point was 4.6 years.
The inflection point can be thought of as the ring number
when the response is (�1–�0)/2, i.e., halfway between the
lower and upper asymptote. The scale parameter on the x
axis showed the greatest variation among sites, ranging
from 2.81 on site 4 up to 4.96 on site 1. This parameter
plus the inflection point (�2) can be interpreted as the ring
number when the response is roughly three-quarters of the
distance between the lower and the upper asymptote.

No significant departures from the assumption of normal-
ity for the within-plot errors were observed in the normal

probability plot of the standardized residuals as shown in
Fig. 3.

A final assessment of the adequacy of model 4 is given
by the plot of the augmented predictions (Pinheiro and Bates
2000) for a randomly chosen subset of the data (Fig. 4). For
comparison, both the population predictions and the within-
plot predicitions are displayed.

Demarcation point, diameter of the juvenile core, and
proportion of corewood

The estimated demarcation point (tmin) and transition zone
(segment of the curve between tmax and tmin), calculated as a
function of the four parameters of the logistic model (eq. 4)
are given in Table 6.

Table 5. The estimated fixed effects for population prediction (random effects set to 0) for the non-
linear mixed-effects specific gravity model (df = 1488 throughout).

Parameter Definitiona Value SE t P

�00 Population mean intercept – LA 0.203 0.017 11.64 <0.0001
�01 Effect of site 1 – LA 0.051 0.010 5.05 <0.0001
�02 Effect of site 2 – LA 0.036 0.016 2.33 0.0197
�03 Effect of site preparation – LA 0.013 0.004 3.51 0.0005
�04 Effect of fertilization – LA –0.006 0.003 –2.05 0.0406
�10 Population mean intercept – UA 0.596 0.010 61.69 <0.0001
�11 Effect of site 1 – UA –0.019 0.008 –2.29 0.0221
�12 Effect of site 2 – UA –0.013 0.006 –2.21 0.0272
�20 Population mean intercept – IP 4.583 0.331 13.85 <0.0001
�21 Effect of site 2 – IP 0.943 0.368 2.56 0.0106
�30 Population mean intercept – RC 6.110 0.471 12.96 <0.0001
�31 Effect of site 1 – RC –2.150 0.367 –5.85 <0.0001
�32 Effect of site 2 – RC –0.672 0.295 –2.28 0.0226
�33 Effect of site 3 – RC –0.474 0.124 –3.81 0.0001

aLA, lower asymptote (�0ijk); UA, upper asymptote (�1ijk); IP, inflection point (�2ijk); RC, rate of change
(�3ijk).

Fig. 2. Population specific gravity profiles where all random effects were set equal to zero.
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Across sites, the transition zone between corewood and
outerwood were located between rings 5 and 15. No effects
on either demarcation point were associated with the silvi-
cultural treatments. The variation of both quantities was ex-
plained by differences in site conditions, as showed
previously during the specification of the interplot variation
matrix. The highest demarcation point was observed on site
1 (ring 15), and the lowest (12) was observed on site 4. Sites
1, 3, and 4 initiated the transition zone at ring 6, whereas
site 2 initiated it at ring 5.

The demarcation point (tmin) was used to determine the di-
ameter of the juvenile core (DJC). An increase of DJC was
observed in all sites as a result of the early intensive treat-
ments, except for site 3. When combined, the treatments in-
creased DJC by 15%, 12%, and 9% over control plots on
sites 1, 2, and 4, respectively. On site 3, the treatments de-
creased DJC in 9% compared with control plots. A formal
analysis of variance (based on eq. 5 showed a significant ef-
fect (P < 0.01) of SP and H on DJC on site 1, which in-
creased as the intensity of the treatments increased. A
significant effect of SP was found on site 2, which increased
the mean DJC of the treated plots in 12% compared with the
mean DJC of the control plots. On sites 3 and 4, no signifi-
cant effects of SP, F, or H were observed on the mean val-
ues of DJC (Table 7).

In terms of the percentage of corewood produced at breast
height, the analysis showed that site preparation, fertiliza-
tion, and herbicide did not statistically affect the amount of
corewood on sites 1, 3, and 4 (Table 7). A statistically sig-
nificant effect (P < 0.01) was associated with fertilizer ap-
plication within the intensive treatments on site 2. The
fertilizer treatment decreased the mean percentage of core-
wood, 61% for SP+F and SP+F+H compared with 65% for
SP and SP+H. It is worth noting that this effect is not evi-
dent when the SP+F and SP+F+H treatments are compared
with control plots.

Combining all treatments (SP, SP+H, SP+F, and
SP+F+H), the mean percentage of corewood varied from
55% on site 4 to 75% on site 1, indicating a trend with geo-
graphic location, with the lowest amount observed in the site
located in South Carolina (site 4) and the highest observed
in Virginia site 1). On site 1, the mean percentage of core-
wood of the treatments was the same of that observed in
control plots (75%). On site 2, silvicultural treatments re-
sulted in a mean of 63% of corewood, 3% higher than con-
trol plots. A small variation was observed on site 3, for
which the mean percentage of corewood was 65% and 64%
for treatments and control plots, respectively. Finally, on site
4, an increase of 2% was associated with early intensive silvi-
culture compared with control plots. In all cases, the mean
percent corewood of the treatments (at breast height) was not
statistically different from the values showed by control
plots.

Discussion
The methodology presented in this paper for modeling

pith-to-bark specific gravity profiles is especially appropri-
ate when the aim of the study is to describe a response vari-
able by fitting a mathematical model, because growth curves
(a statistical term that refers to the situation where the same
characteristic is observed at different times or locations on
the same subjects) are usually nonlinear with growth ap-
proaching an asymptote. Fit, parsimony, and parameter in-
terpretability are among the advantages of nonlinear models
over linear ones.

Mixed-effects models are useful tools for analyzing longi-
tudinal data, as in ring sequences. They present an inherent
flexibility that allows for development of a unique variance–
covariance structure, which overcomes a limitation in tradi-
tional nonlinear regression (Hall and Clutter 2004). By fit-
ting a nonlinear regression model of the form presented in
eq. 8, we accounted for the statistical sources of variation
that could have affected the specific-gravity profiles of indi-
vidual plots within and among sites. However, the selection
of an appropriate correlation structure and variance function
is data dependent, so a generalization of these two particular
structures to other data sets is not guaranteed. If the true co-
variance structure is simpler than that presented here, then
no improvement will be obtained by specifying more com-
plicated models, and tests can lack power.

The criterion selected for estimating the demarcation
point was arbitrary and may be arguable. However, it has
the advantage that it represents a position on the fitted
curves that can be accurately defined in terms of the param-
eters of the models. The threshold value of 0.01 for the in-
crement of specific gravity in successive rings utilized in
this study to define the point that leads to a stable value of
specific gravity (indicator of the presence of outerwood) was
chosen to assure that differences in specific gravity below
this point did not have an impact on the quality of the mate-
rial evaluated. Mitchell (1964) reported that differences of
0.02 units of specific gravity can lead to differences of
50 lb. (1 lb. = 0.454 kg) in pulp yield per ton (1 ton =
0.907 t) of roundwood.

Previous works have focused on determining the demarca-
tion point between corewood and outerwood using latewood

Fig. 3. Normal plot of standardized residuals for the model 4.
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specific gravity only or some other wood property. We se-
lected specific gravity because, as Megraw (1985) pointed
out, in annual-ring specific gravity three seasonal compo-
nents converge: earlywood specific gravity, latewood spe-
cific gravity, and the percentage of each of them. By
modeling specific gravity we are not excluding any of these
three elements. Moreover, it has been demonstrated that spe-
cific gravity is closely related to the quality of the end prod-
ucts and is a property that is easy to measure.

Small differences in the position of the transition zone
within plots were found among sites. In general, the transi-
tion zone between corewood and outerwood was located be-
tween rings 5 and 15 (Table 6). On site 4, located in South
Carolina, the demarcation point between the two types of
wood was reached earlier (ring 12) than in the other three
sites, and this position was continuously increasing as we
moved north, where the demarcation point was reached at
ring 15 corresponding to the site 1 located in eastern Vir-
ginia. This geographical trend in specific gravity has been
reported previously in loblolly pine (Talbert and Jett 1981;
Zobel and van Buijtenen 1989), where trees on sites located
in the southern United States tend to have higher specific

gravity compared with sites located further north because of
differences in site and climate conditions, characteristics that
may be associated with the time required for the trees to
reach corewood specific-gravity values.

The time in which the trees began producing transitional
wood was the same for all sites (ring 6) except for site 2,
where it commenced a year earlier. This difference is prob-
ably associated with the fixed effect of site 2 on the scale
parameter (�3) of the specific gravity model (eq. 8).

There were no significant treatment effects on the transi-
tion zone and demarcation point at any site, indicating that
the intensive silvicultural treatments applied on the study
sites did not affect the ring number at which the trees began
generating outerwood. This is an interesting result, espe-
cially considering that some treatments effects (SP and F)
were observed on the lower asymptote (�0) of the specific-
gravity model. This effect may be the result of a short-term
effect of the treatments in specific gravity on the first couple
of rings, and since no differences were observed on the re-
maining parameters of the model, we may conclude that in-
tensive treatments applied at time of planting can result on
small differences in wood quality during the first couple of
years following the application, but then they tend to disap-
pear. Similarly, Clark and Edwards (1999) reported no ef-
fects of different site-preparation treatments on transition
age, which averaged 10 years for all treatments. Tassisa and
Burkhart (1998) found no effects of different thinning
schemes on the demarcation point, which was estimated to
occur at approximately ring 11 or 12 from the pith.

Considering the demarcation points estimated, a mean in-
crease of the DJC up to 15%, as a result of the silvicultural
treatments was observed among sites in this study (Table 7).
Analysis of growth data (Forest Nutrition Cooperative 1996)

Fig. 4. Population predictions (fixed), within-group predictions (curves), and observed specific gravity values (circles) versus ring number
for a subset of data (values on the top of each subplot correspond to site/block/plot combination).

Table 6. Estimated demarcation points for
corewood (tmax), outerwood (tmin) and transition
zone (tmax–tmin) obtained for each site.

Ring No.

Site tmax tmin tmax–tmin

1 6 15 6–15
2 5 13 5–13
3 6 13 6–13
4 6 12 6–12
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showed differences in standing volume at 14 years between
control plots (low site preparation) and intensive treatment
plots (Table 8). This means that, even when the transition
between corewood and outerwood involved the same ring
numbers for all treatments within each site, differences in
growth among individual trees at the same age resulted in
higher DJC for some treatments plots.

The types of long-term growth response to early silvicul-
tural treatments vary according to the treatments applied and
site characteristics. Site-preparation and weed-control treat-
ments typically result in growth gains achieved early in the
rotation that are either maintained or partially lost by har-
vest. Fertilization, on the other hand, may result in either
short- or long-term increases in nutrient availability and in-
creased growth depending on site and soil conditions
(Morris and Lowery 1988). In this study, intensive silvicul-
tural treatments applied at the time of planting did increase
the diameter of the juvenile core. However, they also in-
creased the size of the trees by the end of the measurement
period, indicating that gains achieved during the early years
were maintained until the age of the trees in this study. The
relationship between the size of DJC and the size of the di-
ameter at breast height of the trees was analyzed in terms of
their corresponding basal areas, because as Zobel and
Sprague (1998) pointed out, interest in the amount of core-
wood ultimately relates to how much of the merchantable
volume is under this condition.

The results presented in Table 7 showed that, in the worst
scenario, the proportion of corewood at breast height was in-
creased by the treatments in 3% compared with control
plots. In all cases, the increase observed was not statistically
significant (P > 0.05). The proportion of corewood followed
the same trend as the specific gravity and as the demarcation
point, i.e., increasing as we moved from the south to the
north.

Therefore, if the main concern is the amount corewood
present as a result of silvicultural treatments, the comparison
must be based on the size of the basal area of corewood

with respect to the final basal area of the trees and not on
the size of the juvenile core alone. Of course, this compari-
son will be valid only for trees of the same age. Similar re-
sults are reported by Saucier and Cubbage (1990) and Zobel
and van Buijtenen (1989) who found a larger diameter of ju-
venile corewood in more widely spaced pine plantations but
a lesser percentage of the total volume of the tree.

Large differences in growth during early years associated
with site preparation and fertilization, herbicide, and fertil-
ization plus herbicide resulted in a larger DJC on site 2 for
those treatments (Tables 7 and 8). No thinning was done on
this site, and treatment differences in diameter found during
the early years were not observed at sampling age, resulting
in trees with higher proportion of juvenile corewood in some
cases compared with control trees. This suggests that treat-
ment effects on the patterns of growth with age are critically
important in determining the proportion of corewood.

In conclusion, site preparation, fertilization, and weed
control applied at establishment had only a modest effect
on the amount of juvenile corewood, which agrees with the
information reported by Zobel and Sprague (1998). The re-
sults suggested that where strong growth responses to fertil-
ization and weed control were observed, the proportion of
corewood was not affected; in addition, when the strong
growth responses were related to weed control, either by a
mechanical control in the case of site preparation alone or
chemical control, the transition age tend to increase in inten-
sive silvicultural plots compared with control plots. Because
trees under intensive management will likely reach mer-
chantable sizes at younger ages, a trade-off between the
amount of corewood obtained and the most economical
time to harvest must be considered as an important factor
determining the presence or absence of cultural effects on
wood quality of loblolly pine.
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after planting, for the different site–treatment combina-
tions.

Site

Treatment 1 2 3 4

C 116 127 174 68
SP 134 192 163a 126
SP+H 117 226 191 127
SP+F 147 175 216 138
SP+F+H 168 196 248 141

Note: See Table 7 for treament abbreviations.
aIntensive site preparation on site 3 involved piling prior bedding

which had a negative effect on individual tree growth when applied
without fertilizer or weed control.
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